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Abstract

This paper discusses an analytical performance
prediction methadology for annular propulsive noz-
zles and the appiication of that methodology to
selected nozzles. Thrust efficiencies and static
pressure profiles from cold flow testing of the
selected nozzles are summarized and compared to the
predictions, These comparisons show that the ana-
Tytical methods are reasonably accurate if the
radial velocity components in the transonic region
of annular nozzles are small. The areas ot pre-
diction/test disagreement are identified for future
improvements,

Nomenc lature
A Area
ASME American Society of Mechanical Engineers
Cp Discharge Coefficient
IVt Initial Value Line
m Mass Flow Rate
MOC Method of Characteristics
NPR Nozzle Pressure Ratio
NTS Nozzle Test Stand
P Pressure
YNAP Viscous Nozzle Analysis Program
Y Ratio of Specific Heats
n Efficiency
Subscripts
a Ambient
act Actual
AR Area Ratio
B Base
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e Exit
{ Internal
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p Centerbody (plug)
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_IntroOuc tion

The conventional propulsive nozzie '+ an ax1-
symmetric converging-diverging design and has been
used successfully n rocket, turbglet and ramijet
engines for many years. The advantages of sun
nozzles inciude efficient design-point pertormance.,
reasonable weight and cost and the avariabyisty or
accurate design/analysis techniques. 0n the other
hand. the disadvantages of such nozzies incliude
excessive length and ‘nefficient oft-design per-
formance.

Several annular nozzle concepts. tormeg &
inserting axisymmetric centerbodies within Conven-
tional nozzies, have been considereq to overcome
these disadvantages. As depicted in Figure 1, tre
centerbody may be located either upstream. down-
stream or in the throat plane of the conventionai
nozzle. The objective of the present work was to
conduct analytical and experwmental investigations
of selected annuiar nozzles tgo acgquire a better
understanding of the flow processes and pertormance
potential of these concepts.

This paper presents the re<ults of this work
for five annular nozzles which encompass the des<ign
options noted in Figure 1. Primary emphasis 15 on
an analytical performance prediction meth~doiogy
for such nczzles and the application of tkat metn-
odology. The results of consideradle cotd flow
testing of selected nozzle models are < .marized ang
compared with the analytical predic’.~ns.

A1l analytical performance ‘redictions pre-
sented in this paper were made r 1ur to nozzle modei
cold flow testing. No reviser predictions based on
post-test, “fine tuned" reryus of the analtytical
codes are included. Therefare, the comparisons with
experimental data show both the strengths and weak-
nesses of the basic prediction methodoiogy. Some
additional capabitities which would enhance the
prediction methodolony are identified as areas for
future improvemer <,

Cold Flow Testing

Anratar nozzle model cold flow testing was
conducied in the McDonnell Aircratt Company Nozzle
Test Stand (NTS). The nozzle dreven eroctor as-
semoly was used during testing to obtain pertormance
data at higher pressure ratios. A briet description
of the NTS and ejector assembly 4are presented 1n
this section,
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The NTS, depicted in Figure 2, was developed to
provide precise measurements of nozzle thrust and
flow rate. Test nczzles are attached to a plenum
assembly which is mounted between the arms of a
double armed pendulum. Pressure regulated, dry air
is supplied to the plenum by dual supply lines which
run parallel to the pendulum arms. Thus, the
incoming air is perpendicular to the nozzle thrust
axis and its momentum does not influence the thrust
measurement.

An ejector assembly, also depicted in Figure 2,
is used with the NTS to increase nozzle pressure
ratio (plenum pressure/back pressure] capability.
The exhaust flow from the test nozzle drives the
ejector and lowers the nozzle back pressure below
the ambient pressure.

Nozzle model thrust during testing is measured
by recording the deflection of the pendulum about
the 1-beam flexure with a linear variable differ-
ential transformer (LVDT). The thrust magnitude is
determined by multiplying the Jdeflection distance
by the deflection constant which is determined prior
to each test series using dead weight loading with a
pulley arrangement. The air suppiy lines are
pressurized during the calibration process. Thus,
tare forces due to thrust and pressure loads are
included in the calibtration data.
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The thrust measurement accuracy of the NTS for
nozzles exhausting into the atmosphere {1.e., with-
out the ejectar) were verified by tests with an
American Society of Mechanical Engineers (ASME)
standard nozzie. These nozzles are commoniy used to
verify thrust measurement facilities since the
thrust efficiency 1s easily calculated with one-
dimensional theory. As shown in Figure 3, 3 curve
fit of data from a typica! verification test series
with the ASME nozzle is approximately 0.4 percent
below the theoretical line. This excellent corre-
lation confirms the accuracy of the NTS thrust
measurement method.
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Fig. 3 NTS thrust measurement evaluation
summary.

Thrust measurement capability of the NTS with
the ejector was verified by comparing noz2le effi-
ciency data between runs exhausting Into the atmo-
sphere and runs exhausting 1nte the ejector. Such
comparisons for a conical nozzle are presented n




Figure 4 and show excellent agreement between the
ejector and atmospheric exhaust runs, veriyfying the
thrust measurement capability of the NTS with the
ejector.
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Fig. 4 NTS thrust measyrement evaiuation
summary.

The mass flow rate through the test nozzle is
metered through a choked venturi which was cali-
brated by the Colorado Engineering Experimental
Station. Air temperature and pressure measurements
in the venturi are made to correct for real gas
effects on mass flow rate.

Four annular nozzles which encompass the de-
sign options noted in Figure 1 were selected for
model fabrication and cold flow testing. The
internal contours of these n%zzles were developed by
various design techniquesi+¢, An additional nozzle
model was also fabricated based on the design
improvement study described later in this paper.

Figure 5 summarizes the nozzle model cold flow
performance testing conducted in the NTS facility.
The nozzie model and the number of test runs
conducted with atmospheric and ejector exhaust
conditions are summarized. Twenty test runs were
made and data were recorded at 8 to 10 values of
nozzle pressure ratio for each run,

19 -.4840
19-28-83
NUMBER OF RUNS
Nozzie EXHAUST
MODEL TOTAL
ATMOSPHERE | EJECTOR
Nt - 2 2
N2 1 3 6
N3 ? 3 5
Na 1 2 3
NS 4 4
TOTAL NUMBER OF RUNS 20

Fig. 5 Cold flow test summary.

srtgrmance Prediction Methogaioav

The propuisive nozzie 1s the thrutl progulirg
component 0f jet propulsion engines suin &y rodrets,
turbojets and ramjets. The tunction of the progu:-
s1ve nozzie 15 to convert the random tnermai e ergy
of the gases entering the nozzle :nto cCirected
xinetic energy 4t the nozzle exit, thus creating a
thrust on the propulsive system, The expansion
process must be accomplished a4 efticrentiy 35
possible, since the gross thrust developed by the
nozzle 1s directly related to the nozzle exnaust
velocity. for rocket engines, the gross thrust
produced by the nozzle 15 aiso the net thrust.
However, for airbreathing engines (turbings a&nd
ramyets}, the net thrust s the difference between
the nozzle gross thrust and the 1niet ram drag.
Consequently, all losses in nozzle gross thrust tor
arrbreathers are magnified several t:mes in net
thrust and it is imperative that the nozzie etfi.
cigncy be as large as possible.

Figure 6 illustrates the thrust producing com-
ponents of a generic annular nozzie. The nozzie
thrust 1s composed of the thrust deveicped across
the throat Ty, the thrust developed bv the pressure
acting on the cowl surface T¢, the thrust deveioped
by the pressure acting on the centerbody surtace Tp
and the thrusts acting on the centerbody base area
ng and the annular base area around the nozzie exit
1CB
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fig. 6 Thryst components of an annuiar nozzie.

The relative magnitudes of these thrust compo-
nents depend on the nozzle design. For nozzle
Jeometric area ratios between 3:! to S:1., as con-
sidered in this study, the magnitude of the throat
thrust is approximately 80 percent of the nozzle
ideal thrust, the cowl thrust is from 10 to 15
percent of the ideal thrust and the centerbody and
base thrusts and losses comprise the remainder.
However, if the throat flowfield has a large radi-
ally inward or outward component, the axial compo-
nent of the throat thryst is reduced considerabiy
and the cowl and centerbody thrust components become
a larger portion of the total thrust.

The accuracy and efficiency of nozsie pertor-
mance prediction techniques are highly dependent on
the tlowfield model chosen to represent the actual
flowfield. In the present study, the flowfietd
model is based on the following assumptions:

{1} steady axisymmetric tlow,

{2) nviscid nonconducting flyid with no Body

forces,

(3) thermally and calarically perfect gas ana

{4} -<eparation and base pressures seiected

from empirical correlations,




The governing equations consist of the continuity
equatian, the component momentum eguations, the
energy equation and the thermal and caloric equa-
tions of state. A detairled discussion of these
equaticns s presented 1n Reference 3.

The choyce of a numerical method, or methods,
to solve these governing equations 1s also crucial
to the success of the performance prediction pro-
cedure. A subsonic/transonic solution 15 required
to define the throat thrust, while a supersonic
solution 1s required to define the cowl, centerbody
and base thrusts. Experience has shown that sub-
sonic/transonic flowfields can be adequately deter-
mined by finite difference approaches, whereas the
method of characteristics is the most accurate
approach to determining supersonic flowfields in
nozzles. Therefore, the numerical methuds selected
for the performance prediction procedure in the
present study are a finite difference approach, as
employed in the VNAP code%, to define the sub-
sonic/transonic flowfield and a method of charac-
terisfics approach, denoted as the MOC code?, to
define the supersonic flowfield.

Performance Prediction Example

The application of the selected performance
prediction methodology ¢o nozzle N}, see Figure 7,
1s presented in this section, The flowfield solu-
tions obtained from the VNAP and MOC codes are
presented and the calculations of throat, cowl,
centerbody and base thrusts are described in detail.
Comparisons with cold flow test data are also made.
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Fig. 7 Geometry of nozzle NIl.

Figure 7 depicts the geometry of nozzle Nl.
The nozzle has an axisymmetric cowl consisting of a
cylindrica) upstream section, a conical-circular
arc shoulder section and a contoured downstream
section. The axisymmetric centerbody has a cylin-
drical upstream support section, a conical initial
section, a circular arc shoulder, a conical section
downstream of the shoulder and a flat aft facing
base. Note that the shoulder sections of the cowl
and centerbody are at the same axial station.

As previously mentioned, the subsonic/tran-
sonic solution obtained from the VNAP code defineq

the nozzle throat flowfield. figure £ illustrates
the Mach numper drstribution 1n the throat region of
nozzie Nl as an exampie of the flowfield detintion
provided by the VNAP code. From this definition,
the throat thrust 1s determined by (ntegrating tne
momentum tlux and pressure torces across a selected
Tine that spans the thra.t in the slightly super-
SONiC region. This same 1ine, denoted 45 the
mnitial value bine (IVL}, is then used to start the
MOC code solution of the supersonic flowfield.
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Fig. 8 Mach number distribution for nozzie Nl.

K-

The thrusts developed by the pressures acting
on the cowl and centerbody surfaces are determined
by integrating the axial components of the pressure
forces acting on these surfaces, The pressure
distributions along the cowl and centerbody sur-
faces are obtained from the supersonic flowfield
solution provided by the MOC code. The MOC code
constructs the flowfield solution aiong the pre-
viously mentioned IVL, beginning at the cowl and
proceeding aiong the IVL to the centerbody surface.
The code continues the solution along the centerbody
surface until a specified separation pressure 1s
reached. At this point, a free-pressure boundary 1s
calculated and projected to the nozzle axis. Left-
running Mach lines emanating from these boundaries
are propagated across the flowfield to the cowl.
The Mach lines are allowed to cross and fold over,
simulating the occurrence of embedded oblique shock
waves. This procedure 1s continged until the entire
cowl and centerbody wall pressure distributions
have been determined. Figure 9 illustrates the
Teft-running Mach lines in the supersonic¢ flowfield
of nozzle Nl as an example of the MOC code solution.
Note the occurrence of a mild right-running obligue
shock wave near the end of the cowl in this nozzie.

An alternative to the throat flowfield defined
by the VNAP code is to simply assume the geometrv nf
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Fig. 9 Left-running Mach lines for nozzle Nl.

a slightly supersonic, constant Mach number line
that spans the nozzle thivat. This uniform IVL is
then treated in the same manner as the VNAP-defined
IVL for throat thrust calculations and MOC code
usage. As will be shown, this alternative procedure
provides good resuits if the throat “lowfield is
reasonably uniform.

The predicted and measured cowl pressure dis-
tributions are presented in Figure 10, The pre-
dicted pressures are presented for two [VL's: the
IVL determined from the YNAP code and & uniform IVL
with a constant Mach number of 1.02. The two
predicted pressure distributions are reasonably
close, indicating that the subsonic/transonic flow-
field for this nozzle does not differ greatly from a
uniform flowfield. The Mach number distributions
previcusly presented in Figure B support that con-
clusion. The measured pressure distribution agrees
well with the predicted results except in the region
just downstream of the cowl shoulder where the
predicted pressure rise is more rapid than the
measured rise.

The cowl and centerbody base thrusts are com~
puted by assuming that a uniform pressure acts over
these base areas. Base pressures must be estimated
from empirical correlations. In the present inves-
tigation, the cowl base pressure was equated to the
ambient pressure. Based on a limited amount of
experimental data, the centerbody base pressure was
assumed to be five percent of the nozzle chamber
stagnation pressure.

The predicted and measured values of the nozzle
pressure ratio efficiency are presented in Fig-
ure 11, (Hozzle efficiency definitions are dis-
cussed in the Appendix of this paper.) The observed
trend of measured efficiency as a function of nozzle
pressure ratio follows the predicted trend very
closely. The magnitude of the predicted efficiency
15 approximately one percent less than the measured
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efficrency, which s excelient agreement. These
results demonstrate that the pertormance prediction
methodology developed during this investigation is
capable of accurately predicting the flowfield and
performance of annular nozzles.

Results

The results of the flowfield analysys, pertor-
mance prediction and experimental testing of three
other annular nozzle configurations are presented
in this section. These three nozzles, which have
their centerbodies located downstream, upstream and
in the throat plane, exercise the capabilities of
the methodology and iliustrate its strengths and
weaknesses.

Nozzle N2

Figure 12 depicts the geometry of no2zle NZ2.
The nozzle has an axisymmetric cowl consisting of a
cylindrical upstream section, a conicail-circular
arc shoulder section and a contoured downstream
section, The axisymmetric centerbocy has a cylin-
drical upstream support section, a conical imitial
section, a circular arc shoulder section, a conical
section downstream of the shoulder and a flat aft
facing base. Note that the centerbody snoulder is
downstream of the cowl shoulder.
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Fig., 12 Geometry of nozzie N2.

Figure 13 presents the Mach number distribu-
tion gbtained by the VNAP code for this nozzle. The
filowfield is highly distorted in the transonic
region. The Mach number contours show a rapid
expansion around the cowl shoulder, with the Mach
number reaching values larger than 1.5. This highly
supersonic region 1s followed by a rapid compression
which causes the flow to go subsonic on the cowl,
This compression is caused by the rapid inward
turning of the cowl contour, coupled with the
considerable radially outward momentum 1n the tran-
sonic flowfield.

The VNAP code solves the Navier-Stokes equa-
tions for unsteady flow using MacCormack's finite
difference scheme and the steady-state flowfield is
obtained as the asymptotic solution at large time.
The VNAP code uses this scheme to obtain the
flowfiald solution on lines which are perpendicular
to the axi1s of the nozzle. This approach works best
if the finite difference grid is well matched to the
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Fig. 13 Mach number distribution for nozzle NZ.

physical geometry to be analyzed. That 1s, accurate
flowfield solutions are obtained if the flow stream-
lines are nearly perpendicular to the solution
Tines. However, if large radial flows are present,
the flow streamlines cross the solution lines at
small angles and large errors in flow properties can
occur. Therefore, the throat thryst calculated for
the VNAP-defined [VL for nozzle N2 may be in
considerable error.

When the VNAP-defined IVL for nozzie NZ 1s
employed in the MOC code to determine the supersonic
flowfield, the flow goes subsonic on the cowl and
the code aborts at an axial location corresponding
to the subsonic pocket.

Attempts were made to obtain a supersonic
sclution by starting the MOC code with a uniform IVL
across the nozzle geometric throat {i.e., the conic
section defined by the line connecting the center of
curvature of the cowl shoulder and the center of
curvature of the centerbody shoulder) for Mach
numbers of 1.01 and 1.02. Both attempts resulted in
MOC code aborts due to the cemputed flow becoming
subsonic on the cowl. However, for a Mach number of
1.03, the flow remained supersonic and a flowfield
calculation was obtained.

Figure 14 presents the pressure distributions
on the cow! obtained from the MOC solution for the
uniform IVL and the VNAP IVL. For the uniform IVL
solution, the initial expansion is followed imme-
diately by a strong compression which decelerates
the fiow to only a siightly supersonic Mach number.
Oownstream of the nearly constant pressure reqlon,
the pressure drops smoothly. For the VNAP VL, the
flow nitially expands to a lower pressure because
of the effects of the upstream geometry. The
recompression then results in a subsonic fiow region
that causes the MOC code to abort. The experimental
measurements of static pressure on the cowl, also
presented in Figure 14, incdicate that the initia!l
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Fig. 14 Cowl pressures for nozzle N2,

expansion is more rapid than the uniform IVL solu-
tion predicts, but not as rapid as the VNAP [VL
solution indicates., The recompression is clearly
indicated, but the fiow apparently remains super-
sonic. Note that the computed and measured pres-
sures agree well at more downstream cowl locations.,

The predicted and measured nozzle efficiencies

for nozzle N2 are compared in Figure 15. The dual
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Fig, 15 Efficiency comparison tor nozzie N2.

values of measured efficiencies at Icwer pregsurs
ratios are due to centerpody wake struflure ¢nangesy
wnich were determined by #x1t plane 0i1ot pressyre
surveys not discuyssed in this paper. AU nignec
pressure ratios, the predicted eftigiencies are
approximately ¢ percent higher than ine measures
values. This difference Could be anticigated singe
the predicted cowl pressures (Figure 14} are gen-
eraily higher than the measured pressures. The
inabihity to more accurateiy anaiyze the rlowfieic
1$ disappointing, especialiy since the predicted
presence ot the high pressure regign suggests t{hat
this type of nozzle could be modifieg to a higher
perfarming design. This inadequacy n predictive
capability s identified as a major deticiency 1o
the state-of-the-art of nozzle flowtieid anaiys's.

Nozzle N3

Figure 16 depicts the geometry of nozzie NI.
The nozzle has an axisymmetric cowl cons:isting or a
cylindrical upstream secticn, 2 conical-cirzylar
arc shouider section ang a conical downstream sec-
tion. The exisymmetric centerbody nas a ¢ylingrical
upstream support section, 2 conicai nitral sec-
tion, a circular arc snoulder section, a contoureg
section downstream of the shoulder ang a tlat aft
facing base. Like nozzle Nl. the snoulders nt the
centerbody and cowl are at the same axyai station.
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Fig. 16 Geometry of nozzle N3

The Mach number contours and Mach lines ob-
tained by the VNAP and MOC codes are not presented
since they are very similar to those p-eviously
shown in Figures 8 and 9 for nozzle Nl. tigure 17
compares experimental and predicted pressure dis-
tributions on the cowl for both the uniform [VL and
the VNAP VL solutions with the MOC code. The
predicted pressure distributions are almost iden-
tical and compare very well with the measured
pressures for higher pressure rat10s. However, as
shown in figure 17, the measured pressures at lower
pressure ratios are higher than the predicteg vai-
ues. This difference is attributed to tlow separa-
tion from the cowl. This inability to pregict flow
separation and compute the resulting tlowtield 1<
another major deficiency in state-of-the-art nozzle
flowfield analysis.

Figure 18 compares the measured and pregicted
nozzle efficiencies for nozzie Ni. .urprasinaly,
the predicted values are lmss than the measurec
efficiencies, but the agreement 35 excellent af
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Fig. 18 Efficiency comparison for nozzles N3
and N4.

higher nozzle pressuce ratios. 7he increased dif-
ference between the measured and predicted effi-
ciencies at lower nozzle pressure ratios merely
reflects the previously mentioned flow separation
phenomena.

Nozzle N4

Nozzle N4 15 a rearrangement of nozzle N3 mode!
components which locates the centerbody shoulder
upstream of the cowl shoulder. This configuration
completes the annular nozzle design options noted 1n

Figqure 1. The resulting geometry for nozzle NA 15
illustrated in Figure 19.
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Fig. 19 Geometry of nozzle N4.
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The transonic Mach number c¢istribution ub-
tained from the VNAP code is presented 1 Figure 20
and depicts a highly distorted flowfield. A region
of locally supersonic flow occurs at the centerbody
shoulder. The flow downstream of this region
recompresses and remains subsonic all the way to the
nozzle axis.
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Fig. 20 Mach number distribution for
nozzle N4.

Based on simple one-dimensional 1sentropic
flow theory/, it was assumed that the flow would
choke at the minimum geometric flow area. This area
is a conic surface defined by a line connecting the
center of curvature of the cowl shouider with the
edge of the base. Since t( was necessary to assume
an extension to the centerbody for the YNAP code
analysis, it was hypothesized that the assumed
extension geomet~v influenced the results. Several
different centerovody extension contours were eval-
uated in an attempt to obtain superson:ic flow on the
centerbody or its extension. However, wit! the
exception of the previously mentioned supersonic
pocket at the shouider, the flow remained subsonic
all the way to the nozzle avis for reasonahie
extension qeometries,




A slightly supersonic [Vl was selecteq from the
YNAP coge results and used to start tne MOC coge
solution of the supersamic tiawtreld, Tne gredictey
pressure aistrybution on tne Cowl 19 Ccompared witn
the measured pressures in figure i, The predictec
sressures i1n the Supersonic region downstream of the
cowl shoulder ¢0 nol show ihe Qegree 01 £xpansion
indicated by the experimentd! values.
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Attempts were made to start the MOC code
solution with a uniform VL corresponding to the
previgusly mentigned minimum flow area. These were
unsuccessful due to the computed flow becoming
subsonic. As an alternative, the YNAP code was then
used to obtain a solution for the entire nozzle
flowfield. Figure 21 shows that the pressures
predicted by this VNAP solution agree very well with
the measured values in the subsonic region upstream
of the cowl shoulder. However, 1n the supersonic
flow region downstream of the shoulder, the agree-
ment is poorer than the predictions obtained with
the MOC code using the VNAP IVL.

Fiqure 18 compares the measured and predicted
nozzle efficiencies for nozzle N4. The discon-
tinuity in the measured efficiency curve near a
pressure ratic of 8:1 is due to flow separation, At
higher pressure ratios, the predictec¢ efficiencies
are approximately 3 percent larger than measured,
This is attributed to the mismatch between the
computed and measured cowl pressure distribution,
as previously discussed. This difference indicates
that a considerable improvement could be made in the
analysis capability for this type of annular nozzie.

Nozzle £fficiency Comparison

Figure 22 compares the measured efficiencies
of these four annular nozzles and the reterence
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hozzle etfirsency Comparinan,
contcal nozzie. As shown, the measured erticiencies
2f nozzles N2 and N4 are consigerabiv iower than
those of the conical nozzie. However, tne medsured
vfficiencies ot nozzies NI ang N3 indicate that they
could be competitive with the conicai norzie vn sone
applications.

Design Improvement Stugdy

One of the primary penefits of detailed anal-
ys1s of nozzle flowfieids is to dentify means tor
performance 1mprovements. The analysis provides an
increased understanding of the flowtield. from
which design changes for improved pertormance may ba
proposed. Analysis also provides an inexpensive
alternative tc experimental comparisons o! proposed
design variants. As an exampie of SuCh dan anaiysis
application, tnis section summarizes & ymited
study to mprove the performance ¢f nozzle N3
through small changes to the supersanic contours of
the cowl and centerbody. Nozzie NI wa- selectec
since it exfibited good predicted perfermance and 2
high degree of confidence exists n the anaiytical
methods for this configuration, The subsonic con-
tour of the nozzle was not altered in this study and
all computations were made using the MOC code. A
uniform [VL with a Mach number of 1.07 at the
minimum geometric area was used to start the MOU
code solution.

The effects of three design changes were 1n-

vestigated. They included: )
{a) Replacing the aft contoureg rcenterbody
surface with a conical surface,

{b) Replacing the conical cowl with a nara-
bolic cowl and

{c) Inserting a short «ylindrical wection
Ate the centerbody just downstream o
the shoulder.

The predicted resuits of these desian changes

were:

(3) Replacing the att contoureg <ectinn of
the centerbody with a comiral <pctoor
would result 1n a smail portormance ae-
crease.




{t) Contouring the cowl boundary would result
in a slight performance increase (about
0.2 percent).

{¢} Adding a short cylindrical section to the
centerbody would result 1n a modest per-
tormance increase (about 0.8 percent).

The latter approach was selected for testing
since 1t offered the greater potential for perfor-
mance 1mprovement. This nozzle is denoted as NS and
is depicted in Figure 23. The measured thrust
efficiencies for nozzle N5 and those for the refer-
ence nozzle N3 are compared in Figure 24. This
comparison verifies the predicted performance in-
crease and confirms that analytical prediction
technigues can be used to assess design changes far
performance improvements.
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Fig. 24 Efficiency improvement with
centerbody modification.

The payoff in adding the cylindrical section ta
the centerbody can be explained in terms of cowl
pressures by observing the characteristic wave

pattern, also illustrated in Figure 3. Tne pres-
sure drstributron on the cowl 15 pramarily deter-
mined Dy expans)on waves emanating from tne center-
body surrace just downstream of Characteristic (i,
which originates at the intersection gf the center-
body and the [vL. These strong expansion waves,
represented by {naracteristic €2 in figure 23, are
generated by the rapid turning of the fiow arounc
the centerbody shouider and cause a rapid decrease
tn the pressure an the COwi. Adding & short
cylindrical section to the shoulder of the center-
body delays the turning of the fiow and thus
translates the attendant pressure decrease on the
cowl further downstream. Further study of the
characteristic pattern in figure 23 also reveals the
limiting length of the cylindrical section to
achieve performance benefits. Characteristic (3,
which intersects the end of the cowi, emanates from
the centerbody at a flow angle of approximately 15
degrees. Thus, changes to the centerbody downstream
of this point have no effect on the cow! pressure.
Any other features of the flow, specifically the
subsonic-transonic flowfield and the pressure dis-
tribution on the centerbody. should not be signifi-
cantiy altered by this modification.

Summary and Conclusions

The analytical methods described in this paper
are very accurate for conventional converging-
diverging nozzlies and are reasonaply accurate for
annular nozzles if the radial velocity components in
the transonic region are small. The analytical
methods provide valuable quantitative information
that can be effectively used to understand the
flowfield and generate ideas for design improve-
ment. Furthermore, the methods are sufficiently
accurate that the effects of small differences 1n
designs can be accurately evaluated, thus reaucing
the amount of experimental work required to optimize
a given design concept.

Hewsever, there are some deficiencies in the
analytical capability for some annular nozzle tlow-
fields. These include inadeguate transonic fiow
analysis capability for flows with large radial
velocity components., inability to treat strong
shock waves {(particularly when the shock waves
produce suybsonic pockets in the supersonic flow-
field), very poor base pressure prediction methods
and inability to predict and calculate separated
flows. Future improvements in these areas would
enhance the analytical capability for annular noz-
Zles.

Appendix
Nozzle Efficiency Definitions

Due to the importance of nozzie thrust on
propulsign system performance, a consistent nozzle
efficiency definition must be employed when compar-
ing the performance c¢f different nozzie designs.
Since definitions of nozzle efficiency in the 1it-
erature differ, the otjective of this appendix is to
present a clear expasition of the various efficiency
definitions, to carefully define the \arious param-
eters that enter intp these definitions and to
recommend a consistent procedure fcr the propulsive
nozzle efficiency definitions sg that meaningful
comparisans can be made between various nozzles.

Three different nnzzle effictencies can b
defined. They are:




l. njy--the internal efficiency, which compares
the actual internal performance ot the nozzie {1.e.,
vacuum performance) to the idea! internal perfor-
mance of the nozzle.

2. npp--the area ratio efficiency, which compares
the actual performance of the nozzle operating 1n an
atmospheric pressure environment to the ideal per-
formance of the nozzle operating in the same envi-
ronment .

3. npp--the pressure ratio efficiency, which com-
pares the actual performance of the nozzle operating
in an atmospheric pressure environment to the ideal
performance of an adapted nozzle with optimum ex-
pansion operating in the same environment.

The effect of the atmospheric pressure envi-
ronment on performance is determined by the nozzie
pressure ratio (NPR), which is defined as:

NPR = Py/P, (A-1}
where P, is the nozzle stagnation pressure and P, is
the ambient pressure.

Each of the three nozzle efficiency defini-
tions has some merit. The internal efficiency
measures the thermodynamic efficiency of the inter-
nal expansion process and is independent of the
nozzle pressure ratio. The area ratio efficiency
includes the thrust loss due to the ambient pressure
acting on the backside of the nozzle. The pressure
ratio efficiency includes the loss in performance
when the nozzle is not adapted for operation at a
particular nozzle pressure ratio.

The reference ideal thrusts required in these
efficiency definitions also require careful speci-
fication of the reference ideal choking area and the
reference ideal exit area of the nozzle.

Figure A-l1 illustrates the reference ideal
choking area A*. [t is the area required to pass the
actual mass flow rate and is smailer than the
geometric minimum (throat) area Ay. Those two areas
are related by the nozzle discharge coefficient (p,
which is defined as:

Mact/Mref (A-2)

CD = At/At =
where mact is the actual mass flow rate and fipar
is the mass flow rate corresponding to steady
cne-dimensional isentropic choked flow at the geo-
metric throat area.
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Fig. A-1 Reference areas for an annular nozzle.

For DeLaval nozzies, the geometrsr throat area
's detined as tne planar area at the no2zie minimum
Cross section and values of giscmarge cosfficient
are quite close to unity. deonventiongd
nozzles. the choice of QEOMRLrIC thriat drea v less
obvious and values or discrarge caetricient
differ considerabnly trom unity. in o tart,
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The actual mass flow rate may ce determineg
experimentaily, predicted anaiyticaily or deter-
mined from empirical discharge coetficient correis-
tions. In this study, reference mass flow rate was
determined using conventional steady one-dimen-
sional isentrapic nozzie flow theory’ ana actual
mass flow rate was predicted 4sINg  the Viscous
Nozzle Analysis Program (VNAP) code®,

Figure A-1 also llustrates
1deal ex1t area of the nozzie. |t
several ways, for example:

{1} the nozzle maximum 1nternai area Apy, or

(2) the nozzle maxiymum 1nternal area pius the

cowl Dase area Aoy,
Since the flow always separates trom tne centerbody
aft face and forms a free-pressure boundary, the
reference ideal area could be defined as erther o¢
the preceding areas minus the area pccupied by the
separation region, for exampie As3 1n Figure A-],
This choice has some merit from a fluid dynamic
point of view for annular nozzles. but It 15
impractical since tne size of the separation region
is difficult to determine. 1In the sresent study,
the reference ideal exit area of the nozzle 1s
defined as Ap] in Figure A-1,

the reterence
can be defined n

Once the reference ideal choking area ard the
reference ideal exit area have been specifieg, the
reference ideal thrust for internai efficiency ang
area ratio efficiency can be computed using conven-
tional steady one-dimensipnal isentropic nozile
flow theory. The reference ideal thrust for pres-
sure ratio efficiency can be computed for a speci-

fied value of nozzle pressure ratio by the same
techniques.

. Figure A-2 presents the three nozzle effi-
ciencies as a function of nozzle pressuyre ratic for
a nozzle having a reference ideal area ratio of 3:1.
{This corresponds to an adapted pressure rati1o of
approximately 20:1 for a gas with a specific heat
ratio of 1.30.) The assumed internal efficiency is
0.97 and the assumed discharge coefficient is 0.94.
The area ratio efficiency and the pressure ratio
efficiency have been computed from conventional
steady one-dimensional nozzle flow theory and the
assumed values of internal efficiency and discharge
coefficient. The area ratio efficiency shows the
loss in performance of the particular nozzle due to
the agmospheric pressure, while the pressure ratig
gffic:ency shows the 10ss 1n performance due to
improper matching of the design area ratio with the
operating pressure ratio. The twp etficiencies are
equal only at the design area ratio.

_The pressure ratio eificiency 15 the most
meaningful for comparing different nozzle desians
operating over 4 range of nozzie pertormance ratios.
Conseauently. that efficiency was emploved in the
present investigation.
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Abstract

An analytical perfomance prediction
methodology for annular propulsive nozzles
with swirl introduced 1in the combustor
upstream of the nozzle is presented. The
application of that methodology to a
specific nozzle design for a free vortex
swirl distribution is discussed.
Discharge coefficients, specific impulses,
and wall pressurs distributions are
presented. These numerical studies show
that the discharge coefficient and the
thrust decrease as the amount of swirl
increases, but that the specific 1impulse
is essentially uninfluenced by the swirl.
This methodology will enable nozzle
designers to account for the effects of
swirl in nozzle design.

Nomenclature

speed of sound

constants specifying tangential
velocity distributions

thrust

mass flow rate

Mach number

static pressure

stagnation pressure

gas constant

swirl number

time

static temperature

stagnation temperature

axial velocity component

radial velocity component
tangential velocity component
axial and radial coordinate,
respectively

inner radius of the annular flow
geometry

outer radius of the annular flow
geometry

specific heat ratio

density

tangential coordinate

ap
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Subscripts

A to P denotes geometxric stations
B,C,P,IVL denote base, cowl, pilug,

and initial-value line
t,x,y denotes partial differentiation

Introductaion

Recent studies indicate that the
introduction of swirl ahead of the combus-
tor 1n axisymmetric dump combustors can
have very beneficial effects on the
combustion processg. Buckley, Craig, Davis
and Schwartzkopf found that swirl both
reduced the zeattachment length of the
combustor flowfield (thereby reducing the
overall combustor length needed for good
performance), and helped eliminate des-
tzuctive very low frequency instabilities.
They further concluded that (in the range
of swirl 1ntensities of their study)
“losses in thrust due to residual swirl,
at least to the sonic point of the nozzle,
are negligible.”

Scharrer and Lilleyz made five-hole
pitot probe measurements of the effects of
swirl in simulated dump combustcors fol-
lowed by a nozzle. They observed a signi-
ficant interaction between the swirling
flowfield in the simulated combustor and
the nozzle flowfield. Their major objec-
tive, however, was the measurement of the
confined turbulent flow in the simulated
combustor, not the nozzle flowfielid. Con-
sequently, their nozzles were simply used
as downstream blockage components. Both
nozzles used i1n their studies were conven-
tional converging nozzles without center-
bodies.

Conley, Hof fman and Thonpnon3
presented an analytical and esxperimental
investigation of the performance of annu-
lar propulsive nozzles without swirl. The
present. work 18 an extension of the per-
formance prediction methodology developed
by Conley, . Hoffman, and Thompson to
include the effects of swirl introduced in
the combustor on the performance of annu-
lar propulsive nozzles.

A similar study performed by Dutton‘
shows trends simjilar to the results
obtained in the present investigation for
conventional convergent-divergent nozzles




without centerbodies. The present invesa-
tigation 18 concerned with convergent-
divergent nozzles with centerbodies.

The objective of the present work was
to analytically investigate the effect of
swirl on the transonic and supersonic
flowfields 1n annuiar propulsive nozzles,
and to determine the effects of swirl on
mass flow rate, thrust, and specific
impulse.

Performance Prediction Methodology

GCeometric Model

The geometric model considered 1in

this investigation is illustrated in Fig.
1. Ailr enters at Station A and flows
through a swirler where tangential momen-

tum 18 transferred to the air to give the
desired tangential velocity distribution
at Station B. Station B is followed by a
sudden expansion dump intc the combustor
inlet at Station C. Combustion takes
place between Stations C and D, where the
stagnation temperature To rises
corresponding to the amount of fuel added
and the stagnation pressure P descreases
slightly due to friction, mix?ng. and heat
addition. The combustion products
accelerate 1in the nozzle to the choked
condition at the nozzle throat, Station E,
after which the flow continues to
accelerate supersonically from Station E
to Station P.

NOZZLE

c
‘ COMBUSTOR

Mﬁé%%a

I

Pig. 1. Geometric model.

The concern in the present study was
the effect of swirl introduced in the
swirler on the performance of the nozzle

{i.e., mass flow rate, thrust, and
specific impulse). Consequently, the
swirler, the sudden expansion dump, and

the combustor are not modeled 1n detail in
the present analysis. Emphasis is placed
on the nozzle flowfield. Even 8o, some
attention must be given to the swirler,
since it is the source of the swirl in the
nozzle flowfield.

Swirler
The swirler is a set of axial flow
guide vanes that imparts the desired

tangential velocity distribution to the

alr as 1t passes through the swirler. The
desi1gn of the swirler and the interaction
of the sawirl with the combustion process
are of paramount importance in an actual
system design. In the present study of
the effects of swirl on nozzle perfor-
mance, a tangential velocity distribution
representative of what might be produced
by a swirler and a combustor :s simply
assumed to ex18t at the nozzle inlet.

Buckely Crazig, Davis, and
Schwartzkopt experimentally investigated
four types of tangential velocity distri-

butions at the swirler exit. They are:

Constant angle: w-cl (1)
Forced vortex: w-czy (2)
Free vortex: w=C./y (3)

Rankine vortex: w=(C,/y)(1-exp(-y2/¥2)](4)

where w 1s the tangential velocity, y 1is
the radial location, ¥ 18 the outer
radius of the swirler,“and C, to C, are
constants specified to achieve &he deaxted
tangential velocity distribution. in
order to provide a basis for comparison of
different swirlers, a swirl number S 1is
employed, which 1s defined as

S = (5)

The only tangential velocity distri-
bution considered in the present study was
the free vortex distribution given by Egq.

(3). A centerbody exists throughout the
flowfield, so the singularity associated
with the core of a free vortex does not

occur 1in this flowfield. For a free vore-
tex, yw = (C,, so that at a uniform flow
section where éhe rad:ial velocity v =« 0
and the axial velocity u 18 uniform, Eg.
{5) simplifies to

w

|

(6)

<
a3
~

Consequently, the swirl number S is a s1m~
ple function of the geometry (i.e., Y.)
and the axial velocity . For a givén
value of C, at the nozzle inlet, Station

D, the swirl number S_. can b
Thus, D n be calculated.
[od
S, = 3 7
ES P




The corresponding values of swirl
number at the combustor inlet 5 ., swirler
exit S_, and nozzle throat §S_., can be
estxma@ed from the known valug of S, and
Eq. (6). The major proceas occErxng
between Stations C and D 1s the increase
in stagnation temperature To due to
combustion. For a Rayleigh line flow

(1.e., heat addition at constant area) n
the absence of swirl, 1t can be shown that

y+l 2
Up _ RTop * 75 Yp 8)
EE TR 2

RToc * & “c
Thus, for known values of u_, ToD’ and

Toc’ u, can be calculated, so"that
5p _ S3/Up¥p | Yc (9)
Sc STy T
At the sudden expansion dump loca-
tion, Y changes from. Y to Y For

M 2¢°
constant"mass flow rate m, and negiectxng
compressibility effects, which are small,
U 1s inversely proportional te the flow

agea, which 18 directly proportional to
Yz. Thus,
u, = u. (Y, /¥,.)° (10)
B crrz2c’ "2B
Substituting this result 1nto Eg. (&)
yields
Sc _ C3/uctye | Yae (11)
Sg T3/uglyy  Tp

At the nozzle throat, Station E, u
is three to five times as large as u., ang
Y g May be anywhere from 50 to 90 pércent
oE Y D: When specific values are given,
SE ca& be calculated from SD‘

Consequently, for a specified value
of the swirl yw at the nozzle inlet, the
swirl number S. at the nozzle inlet can be
calculated. Knowing the other motor
operating parameters, the vaiues of the
swirl number S can be estimated at other
locations in the motor.

Performance Model

The propulsive nozzle 1s the thrust
producing component of 3Jjet propulsion
engines sych as rockets, turbojets and
ramjets. The function of the propulsive
nozzle 1s to convert the random thermal
enexgy of the gases entering the nozzle
into directed kinetic energy at the nozzle

exit, thus creating a thrust on the pro-
pulsive sysatem. The expansion process
must be accomplished as efficiently as

possible, since the gross thrust developed

by the nozzle i3 directly related to the
nozzle exhaust velocity. For rocket
engines, the gross thrust produced by the

nozzle 1s also the net thrust. However,
for airbreathing engines (turbines and
ramjets)}, the net thrust is the difference
between the nozzle gross thrust and the
lnlet ram drag. Consequently, all loases
in nozzle gross thrust for airbreathers
are magnified several times 1n net thrust,
and 1t 1s 1mperative that the nozzle eff1-
ciency be as large as possible.

Figure 2 i1llustrates the thrust pro-
ducing components of a generic annular
nozzle. The nozzle thrust 13 composed of
the thrust developed across the supersonic
initial-value line F . the thrust
developd by the pxesgg%e acting on the
cowl F ., the thrust developed by the pres-
sure agtxng on the plug F_, and the thrust
acting on the plug base FB.

Fig. 2. Thrust producing components of

an annular nozzle.

The relative magnitudes of these
thrust components depend on the nozzle
design. For nozzle geometric area ratios
between 3 and 5, as considered in this
study, the magnitude of the supersonic
initial-value line thrust 1s approximately
80 to 85 percent of the total thrust, the
cowl thrust 18 from 10 to 15 percent of
the total thrust, and the plug and base
thrusts comprise the remainder.

The supersonic 1nitial-value line
thrust F 18 given by

VL
vIVL = gy 49m ¢ IVL P 2ry dy (12)
The cowl thrust Fc 18 given by
FC - cowl T 27y dy (13)

The plug thrust F_ 1s given by

P

Pp = plug B 27V 4y (14)




The plug base thrust FB 13 given by
F_. ~ P_A (153

where P_ 18 the average base pressure act-
ing on Bhe truncatea plug pase area AB'

From Egs. (l2) to (15}, 1t s seen
that the flow properties across the super-
sonic initial-value line, the pressure
distributions along the cowl and the plug.
and the base pressure must be calculated
to enable the calculation of the nozzle
performance.

Flowfield Model

The accuracy and efficiency of nozzle
performance prediction technigques are
highly dependent on the <flowfield model
chosen to represent the actual {lowfield.
in the present study. the [lowfield model
is based on the following assumptilons:

steady axisymmetric flow,

inviscid nonconducting fluad,

no body forces,

thermally and caloricalily perfect gas.
and

5. separaticon and base pressures pre-~
dicted from empirical correlations.

NI N

The governing eguations consist of the
continuity equation, the component momen-~
tum equations, the energy eguation and the
thermai and caloric equations of state. A
detailed discussion of these equations 1s
presented in Ref. (5).

The choice of a numerical method, or
methods, to solve Ythese governing egua-
tions 1s also crucial to the success of
the performance prediction procedure. A
subsonic/transonlic solution 1s reguired to
define the supersonic initial-value line
thrust, while a supersonic solution 18
required to define the. cowl, plug, and
base thrusts. Experience  has shown that
subsonic/transonic flowfields can be ade-
quately determined from the steady state
solution tc finite difference time march-
ing solutions, whereas the method of
characteraistics 13 the mcst accurate means
for determining supersonic flowfields 1in

nozzles. Therefore, the numerical methods
selected for the performance prediction
procedure in the present study are a fin-

ite difference time marching approach to
define the subsonic/transonic flowfield,
and a method of «haracteristics approach
to define the supersonic flowfield.

Subsonic/Transonic Plowfield

The finite difference code developed
to solve the aubsonic/transonic flowfield
18 a modification of the VNAP (Viscous
Nozzle Analysis Program) code developed by
Cline  to include the effects of swirl.
The resulting code 1s called SNAP (Swir-
ling Nozzle Analysis Program).

The VNAP code was used a8 the
subsonic/transonic flowfi1eld prediction
code for the annular nozzle performance
prediction methodology developed by Con-
ley, Hoffman, and Thompson3. The VNAP
code 3solves the Navier-Stokes equations
for two-dimensional (planar or axisym-
metric), time dependent, compressible flow
using the second-order accurate, MacCor-
mack finite di1ff ~rence scheme. inviscid
flowfields can be ' »ived by setting all of
the viscous terr< to zero, which yields
the Euler eguations. An explicit artifai-
cial wviscosity 1s included for shock wave
calcuiations. The fluid 1s assumed to be
a perfect gas. The steady state solution
18 obtalned as the asymptotic solution for
large time.

The computational grad
the VNAP <code (s a transformed egqually
spaced grid. Egqgually spaced lines of con-
stant ¢ normal to the x-axie comprise one
of the transformed coordinates. Each
vertical line segment between the plug and
the cowi 138 divided intc a number of
egually spaced 1ncrements. Lines of con-
stant 1 join these points. The physical
grid 1s 1llustrated in Fig. 3. The
transtormation eguations are

employed by

4 Y - Ye(x)
SR e A 2 e T

where ¥y (x) 1s the cowl contour and yp(x)
13 the plug contour.
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in the present investigatlon. the
VNAP code was modified to account for the
presence of swirl in the flowfi1eld by
adding the tangential momentum eguation to
the set of governing eguations and the
rangential velocity component to all the
covéznxna equations, where appropriate.
Since the flowfield 1s axisymmetric, all
derivativea wlth respect to the tangential
direction 6 are vzero, even though the




tangential velocity component
nonzero. The governing equations for this
flowfield are:

pt + upx + vpy + pux + pvy + pv/y = 0 (17)

pu, + puux + pvu, + P =0 (18)

X

P4

2
pvt + puvx + pvvy + PY -~ pw /y = 0 {19)

w, o+ uwx + vw_ + vw/y = O (20)

t

P, + uP

- \
N < 0 (21}

+ vp - az(p +up +vp )
Y t X b4

where u, v, and w are the velocity com-~
ponents in the x, vy, and @ directions,
respectively. P 18 the pressure, p 18 the
density, a is the speed of sound, and sub-
scripts denote partial differentiation.
For a perfect gas,

P = pRT (22)

a? = yp/p0 (23)

Equation (20) can be written as
D(yw) _
e " ° (24)

derivative form.
that the swirl yw

which is in substantial
Equation (24) states

remains constant on the pathlines of an
unsteady flowfield and on the streamlines
of a steady flowfield. Conseguently, 1f
the distribution of the swirl yw is speci-
fied at the nozzle inlet, that swirl dis-
tribution will be preserved throughout the

flowfield. Thus, two modifications to
VNAP were made to include the effects of
swirl: (1) tracking the streamlines of

the flowfield so that the values of swirl
yw at the nozzle 1inlet can be tracked
through the flowfield as the streamlines
change radial position, and (2) adding the
term pw“/y to Eq. (19), where w 18 com-
puted from the known value of swirl yw
along each streamline.

The 1initial tangential velocity dis-
tribution w(y) 18 specified at Station B,
illustrated in Fig. 4. Station B 13 an
upstream station ahead of the nozzle
1nlet. Typically, Station 8 15 the exit
of the swirler. The mass flow distribu-
tion m(y) 18 computed across Station B, so
that the swirl yw 1s a known function of

. This function, yw(h), 1s then used to
compute

the swirl yw at each point in the

R
N
[

B8 .
| +
.

V. 7

4, Swirl specification model.
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nozzle in the folliowing manner. After
each time step, the mass flow rate :is
integrated across the flowfield at each
axial location. from the centerbody
(M = 0) to the nozzle wall (m = ét rall:
The fractional mass flow rate &b each
radial station 1s calculated by dividing
the calculated mass flow rate at that
radial station by the total mass flow rate
at that axial location. The resulting
fractional mass flow rate 1s then used to
interpoclate for the swirl yw at the
corresponding computational grid point by
quadratic interpolation of the swirl func-
tion yw(h) computed at Station B. The
swirl velocity w 13 then computed Dby
divaiding the 1interpolated value of the
swirl yw by the value of y at the computa-
tiocnal grid point.

This procedure 1s consistent with the
governing partial different:ial eguations
only at the steady flow limit, Dbecause
actual unsteady pathlines are not tracked.
Essentially, this procedure matches a nor-
malized steady mass flow rate at the
swirler exit to a normalized mass flow
rate at each point in the nozzle. 1In an
unsteady flow, these two points would not
necessarily lie on the same pathline.
However, at the steady flow limit. these
two points do lie on the same streamline.

In a typical run, 800 to 1000 time

steps are taken by the SNAP code to relax
the 1initially assumed one-dimensional
flowfield to a steady state. An initial-

value line along which the projection of
the Mach number 1n the xy plane 1s super-
sonic 1s then specified across the throat
region. Values of the projected Mach
number and flow angle along that line are
determined from the SNAP flowfield by
interpolation. Least sgquares gquadratic
bivarlate :nterpolating polynomials are
fit to the nine closest SNAP grid points
to each initial-value line point. In this
manner, a supersonic¢c initial-value line 1s
determined, which can be used to 1nitiate
the solution of the supersonic flowfield
by the method of characteristics.




Supersonic Flowfield

The supersonic flowfield 18 calcu-
lated by the method of characteristics for
steady two-dimensional flow. For steady
flow, Egs. (17) to (21) become

Upy * VP, * PUL PV + pV/Y = 0 (25)

X y x

puux + pvy_ o+ Px - 0 (26)

Y

2
pPUV_ + pVYV._ + P -~ pw/y = 0 27
x * PV, * Py Y (27)

uw_ + va + vw/y = 0 (28)

x

2
qu + VPY - a%(up + Voy) « 0 (29)

Equation (28) can be written as

D(yw)
ot " O (30)

which states that the swirl yw is constant
along streamlines.

The derivation of the characteristic
and compatibility equations corresponding
to Egs. (25) to (29) is a straightforward,
although somewhat lengthy, procedure. The
de:ivatign 18 presented by Kornblum and
Thompson ™ . The results are not presented
here. In brief, three characteristics are
determined 1in the xy plane: the stream-
line and the right- and left-running Mach
lines. Three compatibility eguations are
determined along the streamline and one
compatibility equation 1s determined along
each Mach line. These five compatibility
equations are used to solve for u, v, w,
P, and p.

A direct marching method of charac-
teristics procedure 1s employed to solve
the characteristic and compatibilty egua-
tions. The solution procedure constructs
the Mach line network illustrated in Fig.
5. The characterastic and compatibility
equations are integrated numerically by
the second-order accurate modified-Euler
predictor-corrector method. The solution
18 1nitiated from the supersonic i1nitial-
value line, line TT', determined from the
SNAP analysis. Left-running Mach lines
are emanated from line TT', starting at
point T, and continued across the flow-
field until they intersect the cowl, con-
tour TE. The last such Mach line from
point T' intersects the cowl at point T*.
Left-running Mach lines are then ori-
ginated from points on the centerbody and
continued across the flowfield to inter-
sect the nozzle wall. This procedure 1s

Typical left-running Mach lines
for supersonlc annular swirling
flow.

Fig. 5.

continued untll the nozzle exit lip point,
point E, 1s determined. Left-running Mach
lines are then term:inated at the last
right-running Mach line emanating from
Point E. This bprocedure 15 continued
unti1l poaint F, at the end of the plug 18
determined. The base pressure on the face
of the truncated plug 1s computed from the
following empirical correlation:

1.3
Pbase = 0.846 PF/M? (31}

The above procedure determines all of
the data reguired to evaluate the thrust
components i1llustrated in Pig. 2.

Results

Nozzle flowfields were computed for
12 cases. Figure & defines the flowfield
geometry for all 12 cases. Only free vor-
tex 3wirlers were considered. The swirl
strength was characterized by the yw pro-
duct, where y 1s the flow radius (ft), and
w 1s the trangenital velocity component
(ft/sec). Values of the swzil yw of O,
50, 100, 150, 200, and 250 ft"/sec were
analyzed for stagnat:on temperatures at
the nozzle inlet of 2500 R and 3500 R.
The stagnation pressure was 35 psia 1n
every case. In all cases, the specific
heat ratio v = 1.40 and the gas constant R

= 53.35 (ft-1lbf)/(1bm-R). The scope of
the parametric study 1s defined in Table
1.

A 8

| o |

Fig. 6. Nozzle geometric specification.




Table 1. Scope of the parametric stug-.

Swirl yw T,

Run (ftz/seC) R
1 Q 2500
2 50 2500
3 100 2500
4 150 2500
5 200 2500
6 250 2500
7 0 3500
8 50 3500
9 100 3500
10 150 3500
11 200 3500
12 250 3500

The swirl number S defined by Eq. (S)
varies with axial location 1n the flow-
field. At the nozzle inlet (x = - 6.0 1in.
f°§ the SNAP analysis), a swirl yw of SQ
ft“/sec corresponds approximately to a
swirl number S = 0.14 for T = 2500 R, and
S « 0.12 for T - 3500 %. The swairl
number S variés approximately linearly
with the swirl yw at that location, so
that the range of yw values cons1de§ed in
this study (i.e., 0 to 250 ft=/sec)
corresponds to swirl numbers between 0 and
0.7 at the nozzle inle* At the nozzle
throat, the swirl numbers are, of course,
much smaller. For the nozzle geometry
considered here, the swirl numbers at the
throat are about 30 percent of the values
at the nozzle inlet.

The swirl number upstream of the
combustor depends on the amount of heat
added in the combustcr, as 1indicated by
Egs. (8) and (9). For stagnation tempera-
tures of approximately 1000 R entering the
combustor and a swirl yw = 50 ft“/sec, § =
0.37 for T = 2500 R and S = 0.44 for T =
3500 R. he swirl number varies approgl-
mately linearly with yw, so the range of
yw values considered in  this study
corresponds to swirl numbers between 0 and
2.20 at the combustor 1inlet.

The swirl number at the swirler exit,
upstream of the sudden expansion dump,
depends on the geometry of the sudden
expansion,., as expressed by Eg. (ll). For
yw = 50 ft“/sec, S = (.24 for T_ =« 2500 R
at the nozzle inlet, and S = 0.99 for T =
3500 R at the nozzle 1inlet. The swirl
number varies approximately linearly with
yw, soc the range of yw values considered
in this study corresponds to swirl numbers
between 0 and 1.45 at the swirler ex:it.

Figure 7 presents constant Mach
number lines 1in the transonic region for
Case 7 (T_ =~ 3500 R, yw = 0) as computed
by the BSNAP code. Comparisons with the
congtant Mach number lines for the other
1l cases show differences in the thaird
significant figure for most quantities,

Pig. 7.
for Case 7.

Thus, Fig. 7 1s representative of the
plots for all 12 cases. There are some
differences, however, which are discerni-
ble 1ir. the 1integrated mass flow rate
values tabulated in Table 2.

Pigures 8 and 9 present the left-
running Mach line pattern in the xy-plane
for the supersonic flowfields for Cases 1
and 6, respectively. Case 1 1s the no
swirl cgse with To = 2500 R. Case 6, yw =
250 ft%/sec and  T_ = 2500 R, represents
the largest swairl caSe considered 1in the
study. In Figs. 8 and 9, the left-running
Mach lines emanating from the plug surface
are texrminated at the right-running Mach
line emanating from the end of the cowl.
Comparison of Figs. 8 and 9 shows that
swirl has the effect of compressing the
flow on the plug surface, resulting 1in
coalescing left-running Mach lines.

¥, In

Fig. 8.

Left-running Mach lines for
Case ],

Transonic Mach number distribution




704

20

a0+

Y, n

Y T v >
-3.80 100 EE- ] [ ¥ 130 .m e ]
x, in

Left-running Mach lines for

Fig. 9.
Case 6.

FPigure 10 is a comparison of the
pressure distributions on the plug for

Cases 1 and 6. There 1s a substantial
pressure increase on the plug due to the
effects of swirl. Unfortunately, the area
over which the pressure increase acts 1s
small, so the increase in thrust is only
modest. The pressure distributions for
the intermediate 8owirl intensities lie
between the results of Cases 1 and & in a
very orderly fashion.

~
P

Static Pressure, psla
P

OoF
n

Pressuyre distributions on the

Pig. 10.
plug for Casea 1 and 6.

Pigure 1l presents the pressure dis-
tribution on the cowl for Cases 1l and b.
The pressure dilstributions on the cowl
surtace are almost indistinguishable for
all swirl values. There are some differ-~
ences, however, which are discernable in
the integrated thrust values tabulated 1in
Table 2. Because the cowl projected area
1s much larger than the plug area, a rmuch
smaller pressure difference 18 reguired to
produce distinguishable differences 1in the
integrated thrust values on the cowl.
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Pig. 1l. Pressure distributions on the
cowl for Cases 1 and 6.

Table 2 summarizes the mass flow
rates, thrusts, and specific impulses for
the 12 cases studied. Cases 1 to 6 are
for T = 2500 R, and Cases 7 to 12 are for
T =~ 3500 R. The reference (one-
d men51onal) mass flow rate for Cases 1 to
6 is ml_ ~ 21.9842 lbm/sec, and for Cases
7 to 19, m, _ = 18.5800 lbm/sec. Mass
flow values w%rg determined by integrating
across the initial-value line that 1s gen-
erated from the results of the SNAP
analysig. The discharge coefficients are
plotted in Fig. 12. The values decrease
With increasing swirl 1n a smooth, con-
sistent manner and indicate consistency in
the 1nitial-value data obtained from the

SNAP analysis. Thrust values were com-
puted from the results of the method of
characteristics (MOC) analysis. The
individual thrust contributions from the
tnitial~value line, the cowl, the plug,
and the base (illustrated in Fig. 2) are
tabulated separately. All values are
referenced to zero ambient pressure. The
base pressures were computed from Eq.

(31).




Taple 2. Comparison of performance parameters.
Swirl yw T, Mass Flow CD !sp

Run (ftz/sec) R (lbm/sec) (lbf-sec/1lbm)
1 o 2500 21.49. 0.9776 141.594
2 50 2500 21.456 0.9760 141.625
3 100 2500 21.350 0.8712 141.665
4 150 2500 21.173 0.9631 141.753
5 200 2500 20.929 0.8520 141.894
6 250 2500 20.611 0.9375 142.161
? 0 3500 18.163 0.8776 167.538
] 50 3500 18.142 0.9764 167.569
9 100 3500 18.078 0.9730 167.602

10 150 3500 17.971 0.9672 167.670

11 200 3500 17.823 0.9593 167.774

12 250 3500 17.633 0.9490 167.952

Thrust (1lbf}

Run vl Cowl Plug Base Total
1 2582.08 298.26 155.34 7.32 3043.00
2 2577.11 298.06 155.57 7.96 3038B.70
3 2562.23 297.45 156.28 8.59 3024.55
4 2537.58 296.44 157.53 9.79 3001.34
5 2503.38 295.02 159.57 11.93 2969.7¢0
6 2459.43 292.67 162.17 15.82 2930.09
7 2582.08 298.26 155.34 7.32 3043.00
8 2578.53 298.11 155.51 7.90 3040.0L5
9 2567.89 297.68 156.01 8.34 3029.92

10 2550.23 296.96 156.88 9.14 3013.21

11 2525.67 295.985 158.17 10.45 2990.24

12 2494.37 294.63 159.87 12.63 2961.50

4 The following observations can be
made from the results obtained in this
098+ study.

097 1. The data are extremely consistent
giving a h:igh degree of confidence 1in the
trends. (We also believe the absolute

oser T,*3500 R values are reliable.) The thrust values

o for Cases 1 and 7 are essentlally 1identi-
cal. This 18, of course, what one would

05t hope. since changing the stagnation tem-
perature does not affect the absolute

thrust values. However, the initial-value

034L line calculated by the CNAP :ode might be
expected to be somewhat different, since

the flow speeds and permissible Time steps

093 for those calculations are different.

% This result gives confidence in the con-
L. L i S.
o 00 500 300 sistency of the result
yw, B¥/sec 2. For those applications for which
yw < 100 ft“/sec, the effect of swirl on
‘ the mass flow rate and thrust values 18
Fig. 12. Discharge coefficients.

very small and can probably be ignored 1in
preliminary design and overall performance
congiderations. It 1s probable that this




apservarion 18 a.so valid for  oLner “nan
{ree vortex swirjiers.

3. Even at higher swirl values. ne
specific impulee of tne ncizzle (¢ not
degraded py swirl. *ne calculations  snow
some 1ncrease 1n with swirl. Tnere-
fore, 1f hign swirl 33 e pe  used, Lne
effects of swirl on nozzle tnrust can e
compensated for n tne aesign by  Lncreas-

Ing  the throat area Lo compensate for the
decreased mass flow rate. “husg ncreasing
the thryst L0 the regquired valiue witndut
any loss 1in nozzie effiTiency.

4. When the cowi and plug surfaces
are contoured to optimize tne performance.
the optimum cJontour will probaply De

{fected by the presence 0f swiri in the

flowfield.
An anaiytical perfcrmance gpredi

aice
methodology for analyzing the eflects
swlri 1n annular propulsive nozzles

* o

peer deveioped. Compured :resuitls tor
series of swirl ilntens.t:i:es oI lree VOT-
tex swirlers are extremely cons:istent and
indicate a nigh relilapbrlity in wne
results. Swir. decreases tne discharge
coeff .- 4 nozzlie pbut na

rent of s
tle effect on "ne vacuum spec:if:

For swirl :ntensities citen
tered 1n ram>et and turponel appliications,
the effect of swirl on the nozzle perfor-

mace LS small, and <an propably Dpe
neglected n p eliminary design and per-
formance calculations.

Exper:mental ver.ficaticn of tne
results 138 needed. Appaiicaticn  O! tne
merhedology <o other =nan Ifree vortex
sawiriers :5 needed.
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AN ANALYTICAL INVESTIGATION OF THE EFFECTS OF SWIRLER DESIGN

ON THE PERFORMANCE OF ANNULAR PROPULSIVE NOZZLES

Joe D. tioffman™, H. Doyie Thompson” and David L. Marcum?
Purdue University
West Latayette, Indisna 47907

A bstract

An analytical performance prediction methodology for
annular propulsive nozzles with swirl antroducec in the
combustor upstream of the nozzie is presented. The
methodology is applied to investigate the effects of swirler
design on the performance of annular propulsive nozzles.
Four types of swirlers were investigated: free vortex,
constant angle, forced vortex, and Rankine vortex swirlers.
Discharge coefficients, specific impuises, and wall pressure
distributions are prescnted. These numerical studies show
that the discharge coefficient, the thrust, and the vacuum
specific impulse decrease as the amount of swirl increases,
but that the decrease in specific impuise is modest. The
effect of swirl on the discharge coefficient, for all four
swirler designs, correlates well with the mass-averaged swirl
introduced into the flowfield by the swirler. However, the
decrease in vacuum specific impulse is a function of the
swirler design. The forced vortex swirler has the least
decrease in specific impulse witn increasing swirl while the
free vortex swirler has the greatest decrease., This
methodology will enable nozzle designers ta account for the
effects of swirl in nozzle design.

Nomenclature

a speed of sound

constants specifying tangential velocity
distributions

constants used to set the mass flow rate

thrust

mass flow rate

Mach number

static and stagnation pressure, respectively

gas constant

swiri number

time

static and stagnation temperature, respectively

velocity components

velocity magnitude

axial and radial coordinates, respectively

mass-averaged swirl

inner and outer radii of the flow passage,
respectively

specific heat ratio

density

tangential coordinate

transformed coordinates
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Subscripts

AtoF geometric stations
B.C.P.IVL  base, cowl, plug, and initial-value hinc,
respectively
Introduction

Recent studies indicate that the introduction of swirl ahead
of the combustor in axisymmetric dump co.nbustors can
have very bencficial effects on the combustion process.
Buckley, Craig. Davis and Schwartzkopf! found that swirl
both reduced the reattachment length of the combustor
flowfield (thereby reducing the overall combustor length
needed for good performance), and helped eliminate
destructive very low frequency instabilities. They further
concluded that (in the range of swirl intensities of their
study) "losses in thrust due to residual swirl, at least to the
sonic point of the nozzle, are negligible.”

Scharrer  and Lilk:y2 made five-hole pitot  probe
measurements of the effects of swirl in simulated dump
combustors followed by a nozzle. They observed a
significant interaction between the swirling flowf{ield in the
simulated combustor and the nozzle flowfield. Their major
objective, however, was the measurement of the confined
turbulent flow in the simulated combustor, not the nozzle
flowfield. Consequently, their nozzles were simply used as
downstream blockage components. Both nozzies used
thor studies were conventional converging nozzies without
centerbodies.

Conley, Hoffman and Thornpson3 presented an analytical
and expcrimental investigation of the performance of
annular propulsive nozzles without swirl.  Kornblum,
Thompson. and Hoffman? extended the performance
prediction methodology developed by Coniey. et al to
include the effects of swirl introduced in the combustor on
the performance of annular propulsive nozzles for free
vortex swirlers. A similar study performea by Dutton”
shows trends <imilar to the results obtained by Kornblum, et
al. for convenuional converging-diverging nozzies without
centerbndies

The present work s an extenston of the performance

prediction  methodology  developed by Kornblum.
Thompson, and Hoffman® 10 include constant angle
swirlers, forced vortex swarlers, and Rankine vortex
swirlers.




Performance Predicion Methoderlogy

Geometric Maodel

The geometric model considered n thic mvestugation i
presented n Fig. 1. A enters at Stanon A and flous
through a swirler where rangential momentum is tran<fersed
to the air 1o give the desired t1angential velocity distribution
at Statjon B. Stanon B s followed by a sudden expansion
dump into the combustor inlet at Station C. Combustion
takes place between Station< C and D, where the staghation
temperature T, rises corresponding to the amount! of fuel
tdded, and the stagnation pressure P, decreaces shghtly due
to friction, mixing. and heat addinon. The combustion
products accelerate in the nozzle to the choked condition at
the nozzle throat, Station E, after which the flow cantinves
to accelerate supersoncally from Station E 1o Station F

The concern in the present study was the effect of «wirl
induced in the swirler on the performance of the nozzie
(i.e., mass flow rate, thrust, and specific impuice)
Consequently, the swirler, the sudden expansion dump, and
the combusior are not modeled in detail in the present
analysis. Emphasis 15 placed on the nozzle flowfield. The
swir} introduced by the swirler is assumed to flow through
the combustor and nozzie unchanged in magnitude.

Performance Mode|

Figure 2 il'istrates the thrust producing components of a
generic anpnular nozzle. The nozzle thrust is composed of
the thrust developed across the initial-value hine Fyyp, the
thrust developed by the pressure acting on the cowl Fe, the
thrust developed by the pressure acting on the plug Fp, and
the thrust acting on the plug base Fy. Thus, the pressure
distributions along the cowl and the plug and the base
oressure must be calcuiated to enable the calculation of the
nozzle performance.

Swirler Model

The swirler is a set of axial flow guide vanes that imparts
the desired tangential velocity distribution to the air as 1t
passes through the swirler, that is, from Section A 10
Section B in Fig. 1. Buckley, Craig, Davis. and
Schwartzkopf’ expenimentally investigated four types of

tangential velocity distributions at the swirler exit They
are:

Free vortex: w = Cyy (h
Constant angle: w = Cu = utan a (2)
Forced vortex: * w = Cyy ()]
Rankine vortex: w = (Cu/y){1 ~ exp(‘yZ/Yzz)] (4}

where the constants C, to C, are specified to achieve the
desired tangential vejocity distribution. In the present
study, all four swirler types were considered.

For an exially symmetric combustor and nozzie without
friction or obstructions. the tangenual momentum equation

reduces to

Diyw/Dt = 0 (&4

which 1 the substannal derivanve form of the equation
For steady {low, Eq (5) requires that the swirl yw reman
constant on a streambine  Thus, the swirl, yw, as a functien
of the stream function, 15 the same throughout the flowield
trom Station B (the swirler exit) to Station F (the nozzie
exi;  Furthermore, the mass-averaged swirl, Yw, s the
same at all stations from the swarier exit to the nozzle exat,
where

Y. Y.
f,"xudm=-l-f,"vau2?r)d} %,
yo- m Y

L
m

The swirl distribution at the nozzle nlet, Staton D, s
determined as follows. The swirl distribution at the swirjer
exit, Station B, i1s calculated as a function of the fractional
mass flow rate. That same swirl distribution 1s specsfied at
the nozzle entrance, Station D, as mmbal condition< for the
transonic flow analysis. The swirl distribution ar Station B
15 computed as a function of the fractional mass flow rate as
follows:

(a) The stagnation temperature and pressure at
the suairler inlet, Station A, are assigned.

(by The radial velocity component v 1s assumed
to be zero, so that the radial momentum egquation reduces to

dPidy = pwy (7)

(c) The pressure-velocity relationship specified
by Bernoulli's equation is assumed to be valid

dP = - pV dV (8)

This is an approximation for the constant angle, the forced
vortex, and the Rankine vortex swirlers.

(d) Equations (7) and (8) are combined with the
appropriate swirler relationship, Eq. (1), (2). (3 or (4), to
relate the velocity components to 2 constant. The constant
is set by matching the desired mass flow rate as described 1n
step (e) below. For the free vortex swirler, the axial
velocity component u must be constant.

u=Cg (free vortex) (9
For the constant angle swirler,
vyt =g

(constant angle) [§14]]

where k = sina. and & is the swirl angle in Eq (2 For

the forced vortex swirler,
(forced vortexn) [RER!

where w is related 10 y by Eq. (3). For the Rankine vortex
swirler. the following integral relation<hip 1s obrained

v N
ICs VdVv = f‘,;(\x"/y)dy (12:
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where Cy is the velocty magmitude at the inner radius and w
is a function of v a< specified by Eq. (4). The value of Cy
is determined iteratively to give the specified mass flow rate
at Stanion B.

(e¢) The mas< flow rate 15 calculated using the
discharge coefficient versus swirl results for free vortex
swirlers in Ref. (4).

(f) The mass-averaged swirl ¥W is set by the
values of the constants in Egs. (1) to (4} Thus, the value
of Cy in Eq. (1) seis the swirl for a {ree vortex swirler; the
value of C, in Eq. (2) determines the swirl for a constant
angle swirler; the value of Cy in Eq (3) determines the
swirl for a forced vortex swirler; and the value of C41n Eq.
(4) determines the swirl for a Rankine vortex switler.

(g) The mass flow rate at Station B 1s
determined by numericaily integrating

Y.

m= 2w f\, " puy dy ¢k}

The mass flow rate is 2 function of the constant Cs in Eq.
(9) for the free vortex swirler, of the constant Cy in Eq.
(10) for the constant angle swirler, of the constant Cy in Eq.
(11) for the forced vortex swirler, and of the integration
limit Cg in Eq. (12) for the Rankine vortex swirier.
Jteration for the constants 18 required to match the mass
flow rate in Step (e).

(h) Equation (6) 1s numencally integrated to
determine the swirl intensity v Convenient values of yw
are obtained by iterating on the constants C, to C, in Egs.
(1) to (4).

(i) A table of yw versus fractional mass flow
rate at Station B is calcalated. A« required by Eq. (5). that
relationship between yw and fractional mass flow rate also
applies at all other sections in the flow, and specifically at
Station D. That relationship provides the needed initial
conditions for the transonic flow computations described
below.

(j) The transonic flow calculations provide an
independent determination of the choked mass flow rate
through the nozzle. If the mass flow rate determined {rom
the transonic flow calculations does not match the value
assumed in Step (e), then Steps (e) to (1) can be iterated to
convergence.

To provide a basis for companison of different swirlers, the
swirl number §1s employed. which 1s defined as

Y.
" puwy? dy
s = -£-T———- (14)
Yo J, T eutydy

Equation (14) 1s the compressible flow version of the swir)
number, and can be numernically mtegrated to compute the
swirl number at Station B, or at any station in the nozzie.
The numerator in Eq (141 1< closehy related to the mass
averaged swirl v n Eq (6), and is constant at every
station in the flowfield The disadvantage of using the swirl
number in this analvsis 1s that the denominator (normahzing

micgraly in Lg (14) vanes due to changes in both Yy, and
the axial velocity component u, which changes due (o both
area change and heat addition. Therefc-=. the swirl number
varies rather widely between stauion< in the flowfield snd
care must be taken when using the swirl number to compare
flaws or to correlate data to insure that the values refer 1o
the same station in the flowfield

Flowfield Model

The accuracy and efficiency of nozzie performance
prediction techmiques are highly dependent aon tne {lowfieid
model chosen 1o represent the actual flowfield In the
present study. the flowheld model 18 based on the following
assumptions (1) steady axisymmetnic flow, (21 mviseid
nonconducting fluid, (3) no body forces, (4) thermally and
calonically perfect gas, and (5) separation and base pressures
predicied from empimmical correlanions

The governing equations consist of the continuity equation,
the component momentum equations, the energy equation,
aund the thermal and caloric equations of state. A detailed
dwcussion of these equations s presented in Ref. (6)

The chowce of a numerical method, or methods, to solve
these gaverning equations s also crucial te the succe<s of
the performance prediction procedure. A subsonic/transanic
solstem s required to define the mass flow rate and throat
thrust, while a supersonic solution is required 1o define the
cow}, plug, and base thrusts. Expcnence3 has shown that
sabsonmicitransonic flowfields can be accurately determined
from the steady state solution to finite difference time
marchmg solutions, whereas the method of charactenistics s
the most accurate method for determining supersonic
flowficlds in nozzies. Therefore, the numerical methods
sejertod for the performance prediction procedure n the
Prescant study are a finite difference time marching approach
to define the subsonic/transonic flowfield, and a method of
characteristics approach to define the supersonic flow{ield.

SabsomicdTransanic Flowfield

In the performance prediction methodology developed by
Conley, Hoftman, and Thompson:’ for annular nozzles
wghoot swirl, the VNAP code (Viscous Nozzie Analysis
Program) developed by Cline’ was vsed to calculate the
sabsonic/ransonic flowfield. In the performance prediction
methedology developed by Korablum. Thompson, and
Hoftman®, the VNAP code was modified to include the
effects_of swirl. The resulting program was calied SNAP
(Ssarhing Nozzie Analysis Program). Both the VNAP code
and the SNAP code are restricted 1o an equally spaced gnid
m the axial direction. This is a disadvantage for nozzles
havmg small throat radii of curvature, which 1s generally the
<ase in annular propulsive nozzies.

In the present investigation, the fimte difference code
developed by Marcum® was used 1o calculate the
sabsonic/transonic flowfield. That program  solves
umsteady. three-dimensional, mviscid flowfields in super-
eliiptical nozzles with centerbodies. An option exists for
cxiculating unsteady axisymmetric invisaid  flowiields n
nozzies having circular cross-secrions

The ga« dvnamic model in Marcum's analv<s s based on
the following assumptions' (1) unsteady three-dimensional
fiow . (2) invisaid nonconducting fluid with no body torces,
and (3) a simple system in thermodynamic equilibriurm Ir
the present analvsis, the fluid was assumed to be a thermaih
mnd caiorically perfect gas




The analysis 1« based on the unsteady Euler equations The
finite difference al§nrithm uses MacCormack's explicit finite
difference method® at mterior points and Kentzer's method!?
at all boundary pomnts. Consequently, the method s capable
of predicting both unsteady and steady flowfields. Stcady
state flowfields are obtained by marching m ume untl the
solution converges 1o a steady Stale.

The =xy® physical space ¢ transformed to the {nyd
orthogonal equally spaced computational space by the
following aigebraic coordmate transformation, which waorks
quite well for a wide variety of internal flows

{ = arclan x (15)

v Y ®
Yax.8r - Yyx.9)

n = {16)

v =0 (17

where Y,(x,8) is the cow] radiwus 2t a given axial location for
a given O ray, and Y (x,8) is the corresponding plug radius.
The axial transformation permits the clustering of grid lines
in the throat region of the nozzle. For an axisvmmetnc
nozzle, Yix,8) = Yix) and Y(x,8) = Y x). The
physical grid used in the present study is the B1x2} grid
illustrated in Fig. 3.

The initial data, at time t = 0, for the velocity magnuude,
the pressure, and the density are obtained from a steady
quasi-one-dimensional isentropic flow analysis. The initial
vajues of the flow angles are obtained by lmnear
interpolation between the centerbody and the wall. The
tangential swirl distribution at the nozzle inlet is specified as
a function of the fractional mass flow distribution, yw =
yw(r1). This distribution is determined from an analysis of
the swirler at Station B. This swirl distribution is used to
compute the swirl yw at each point across the nozzie inlet in
the following manner. After each time step, the mass {low
rate is integrated across the nozzle inlet to determine the
fractional mass flow rate at each radial station. The
resulting fractional mass flow rate is used to interpolate for
the swir] yw at the corresponding computational grid point
by quadratic interpolation of the swirl function yw(m)
computed at Station B. The swirl velocity w is computed by
dividing the interpolated value of the swirl yw by the value
of y at the computational grid point

Steady state convergence 1s assumed when the maximum
percent change in the flow properties, between successive
solution surfaces, 1s less than 0.001.

Points on an initiai-value hne along which the projections of
the Mach number in the xy plane are supersonic are then
specified across the throat region. The initial-value points
are carefully chosen so that the nitial-value hine is spacelike
at all points. Iteration on the location of initial-value points
1s sometimes required.  Values of the projected Mach
number, flow angle, and tangenual velooity along that hine
are determined by interpolanon Quadratic  bivanate
interpolating polynomials are fit to the nmine closest gnid
points to each mmhal-value hine point  In this manner, a
supersomic imitial-value hine 1© determined, which can be
used to inmhate the solution of the supersonic flowfield by
the method of characterstics

Supersonic Flaowfield

The supersonic flowhield « caleulated b the method of
characteristics  for steady !\\J-dlmcnﬁu;r\d! {inow The
ficnvaunn of the characerisiic and compatibihity equations
1 a strarghtlorward, although somewhat lenpthy  procedure
The derivation v presented by Kornblum and Thompaan '
The results are not presented  here In brief, three
characteristics  are  determined 1n the plane  the
Streamiine and the tnight- and lcn-runmné Mach  bnes
Three comp. biliy equannns are deterrined siong the
streambine and one compatibdiy equation 1 deterrined
along each Much hne  These five compatibrliy equations
are used to solve for u, v, w. P, and P Thc_: miethad s
pencral so that cny consistent ininial swarl distribution can be
trcated.

A direct marching method of charactenstics procedure s
employed to solve the charactensuc and compatibilty
equations. The solution procedure consirusts the Mach hine
network liustrated in Fig. 4. The charactenstic and
compatibility equations are integrated numerwcally by the
second-order accurate modified-Euler predictor-corrector
method. The solution 18 ymtiated from the superconic
mitial-value hine, hine TT' determined frorm the transonig
flow analysis. The projected Mach number tin the xy-
plane) along the space-hike mmtalvalie line must be
supersonic. Left-running Mach lines 2re imiiated from hine
TT', staring at point T, and continued across the fiowfeld
until they intersect the cowl, contour TE  The last such
Mach hine from point T’ intersc:ts the cowl at point T"
Left-running Mach hnes are then imitrated from ponte an
the centerbody and continued across the flowiieid to
mtersect the nozzle wall This procedure 1c continued until
the nozzle exit Iy pownt, point E, 15 determmed Left-
running Mach lines are then terminated at the last night-
running Mach line emanating from Point E. This procedure
15 continued until point F, at the end of the plug, 1
determined. When Mach hnes of the same {armily coalesce,
embedded shock waves are formed In the computer
program, when Mach lines coalesce, one of the Mach hines
is discontinued. This procedure workes well for weak shock
waves.

The base pressure on the face of the truncated plug s

oomputed from the empincal correlaton prepowed by
5

Johnson!s,

Phnse = 0 Rd6 PF’IM; ! ”8)

It should be noted that Eq (18 only fits measured data
when the base area 15 small It give< unrealisticaliv high
valucs for highly truncated pluge and feor expancon-
deflection nozzies

The above procedure determines all ot the dats reguired 1o
evaluate the thrust components thlustrated i Fip 2

Re<ults

Nozzie flowhields were computed {or the 13 cases defined in
Table 1 Figure S defines the flowicid geomern tor all 13
cases.  The <wirl strength was charactenized by selected
values of the mass-averaged swiri ,\'7 Values ot {“’\I of 0
(the no swirl case). 5C. 100 and 150 ti7sec 1or the free
vortex swirler, of 50, 100, 150 and 7% f1° e for the
constant angle swirler, of 50, 100, and 125 fi° <ec for the
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forced vortex swirler. and of 50 and 100 ftirsec for the
Rankine vortex swirfjer were analyzed Stagnation
temperature and prescure at the nozzle nlet were 2500 R
and 35 psia, respectively  In all cases. the specific heat ratio
y = 1.40 and the gas constant R = S3.35 (ft-ibiy.tibm- 10
The values of swirl chosen represent the practcal raunge lor
the geometry and temperature chosen here. Higher valuec
of swir] resuit 0 supersomic Mach numbere ut the swirier
exit and were therefore not considered

The compresuble swirl number S, defined by Eq (14,
varies with axial lecanion in the flowheld Table ) gives
approximate values of S at Stations B, D and E as
determined by numernical integraton of Eq (14) for each
case.

Figure 6 presents censtant Mach number ceontours 1n the
transonic region for Case | (no swirl) as computed by the
transonic flow analvas. Companson with the constant
Mach number contours for the other 12 cases show
msignificant differences. Thus, Fig. 6 1s representabive of
the plots for all 13 cases. There are some munor
differences, however, which are discernible mn the integrated
mass flow rate values and thrust values.

Figure 7 compares the stauc pressure distributions on the
plug for Cases 1, 4, 8, 11, and {3. There is a pressure
decrease on the plug duc to the effects of swirl The
decrease is greatest for the free vortex swirler and teast for
the forced vortex swirler. The pressure distributions for the
intermediate vajues of swirl for each swirler design he
between the resulls presented in Fig. 7 n a very orderly
fashion.

Figure 8 presents the pressure distributions on the cowl.
The pressure  distributions on  the cowl are almost
indistinguishable for all 13 swirl values. However, there are
some minor differences in the values of cow}, plug. and
base thrusts.

Table 2 summarizes the wmass flow rates, discharge
coefficients, and specific impulses for the 13 cases studied.
The reference (one-dimensional) mass flow rate is 21.984
Ibm/sec. Mass flow rate values were determined by
integrating across the initial-value line that is generated
from the results of the transonic analysis. The zero swirl
discharge coefficient (0.9853) reflects the two-dimensional
nature of the flowfield and is a function of the transonic
geometry. The discharge coeffictents are presented in Fig.
9 as a function of mass-averaged swirl vw. The values
decrease with ncreasing swirl in a2 smooth, consistent
manner and correlate very well for all four swirler types
The results indicate a high degree of consistency in the
initial-value data.

Figure 10 presents the vacuum specific impulse as & funcion
of mass-averaged swarl  The results indicate that the
decrease in vacuum specific impulse 1s a function of swirler
design, and i< least for forced vortex swirlers and greatest
for free vortex swirlers. In fact, the decrease {or the forced
vortex swirlers s very small. Thiso result suggests a
preference for forced vortex swirlers as far as nozxzle
performance 15 concerned, all other factors being equal
The specific impulses of the constant angle and Rankine
vortex swirlers hie between the values for the forced and
free vortex swirlers  Notice that the vacuum specific
impulse scale 1s large, so that the decrease in the worst case
15 only 0.35 percent

In most cases of interest for ramjet or turboret applications
the values of the mass-averaged swirl yw are no more than
about 100 ft~sec, and the effect of swirl on the nouzic
pertormance s small and can probably be neglected n
preliminary design and overall performance calculations

The individual thrust contributions from the inmiai-value
hne, the cowl, the plug. and the base Gllustrated in Fig 2@
are tabulated separately in Table 3 The thrust values are
computed from the method of characterisies iMOC)H
analysis and all values are referenced to 2ero0 ambient
pressure

The following abservations regarding the effect of swirl in
arnular nozzles can be made from the resulis oblained in
this study .

1. The data are extremely consistent, giving & high degree
of confidence in the trends.

2 The effects of swirl on discharge coefficient correlate
well with the mass-averaged swirl yw for the different
swirlers.

3 The effects of swirl on the vacuum specific impulse are a
function of swirler design. The loss in vacuum specific
impulse is least for forced vortex swirlers and greatest for
free vortex swirlers.

4. For those applications for which ¥w < 100 fi%sec, the
effect of swirl on the mass flow rate, the thrust, and the
vacuum specific impulse is small and can probably be
1gnored in preliminary design and overall performance
considerations.

5. At higher values of swirl, the overall thrust s
significantly decreased by the effects of swirl. in some
cases, part of the thrust decrease can be recovered by
increasing the throat area to compensate for the decreased
mass flow rate. When geometric constraints restrict the
nozzle exit area, such a design change may not produce the
overall desired result. In any case, there is a real loss in
specific impulse that cannot be recovered.

6. When the cow! and plug surfaces are contoured to
optimize the nozzle performance as, for example, in Ref,
(12), the optimum contour will be affected by the presence
of swirl in the flowfield.

Conclusions

An analytical performance prediction methodology for
predicting the effects of switl in annular propulsive nozzies
has been developed. Computed results for a series of swirl
values for free vortex, constant angle, forced vortex, and
Rankine vortex swirlers are extremely consistent and
indicate a high reliability in the results. Swirl decreases the
discharge coefficient, the thrust, and the vacuum specific
mpulse. The decrease in discharge coefficient correlates
with the mass averaged swirl yw for all four types of
swirlers  The decrease in vacuum specific impulse 15 a
function of the swirler design and is least for forced vortex
swirlers and greatest for free vortex swirlers. Far values of
swirl often encountered in ramjet and turbojet applications,
the effect of swirl on the nozzle performance s small and
can probably be neglected in preliminary design and overall
performance calculations. Experimental vetificaton of
these conclusions s needed
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Table 3 Corparion of thrust values
Thfu\{ bt

Case vi Coul Plug Base Total
NEERLCARE RFEPRNTN 1SR 26 773 3065.65
2% 289017 202 2 15738 7.61  3059.37
AT 287823 303 a6 18467 728 3040.64
4T 288D 46 302 21 150.25 6 74 2009 66
&€ 2890 24 304 RS 18732 766 3060.27
65 2876.7% 08 AT 153,60 745 3044.40
¢ 285318 306 02 150.09 7.05 301634
R 251864 300 08 137 3R 679 2998 86
9¢ 289036 308 22 15T 19 7.68  3060.65
10° 2576.61 308 37 1S4 00 7.54  3046.52
119 236691 310 %6 15174 744 3036.65
12¢ 259040 30519 15724 7.67 3060.50
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Figure 6.  Transonic Mach number distribution for Cace 1
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Pressure distributions on the plug.
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Figure 10. Specific impulse comparisons.
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